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Abstract In the present study, CFRP/Ti6Al4V stacks were ma-
chinedwith abrasive water jet using different process parameters
in order evaluate the viability of AWJ industrial application as a
substitute of conventional drilling. The effect of the stack con-
figuration, the traverse feed rate, the cutting tool (combination of
orifice and focusing tube diameter and abrasive mass flow rate),
and the pressure over the kerf profile, taper angle, and surface
roughness has been analyzed through an ANOVA analysis and
related to the physical parameters of the AWJ process. As a
result, a positive taper angle is observed in Ti6Al4V while a
negative is observed in CFRP in almost all cutting conditions.
This leads to obtain anX-type or barrel-type kerf profile depend-
ing on the stack configuration. In addition, the surface roughness
can be as low as 6.5μm in both CFRP and Ti6Al4Vmaterials at
95 mm/min when CFRP/Ti6Al4V configuration is used.
Keywords AWJ . Drilling . Stacks . CFRP . Ti6Al4V .
Waterjet
1 Introduction
One of the most important requirements within the aeronautical
industry is to obtain lightweight structures to reduce carbon
dioxide emissions and fuel consumption. High strength-to-
density ratio materials, such as carbon fiber reinforced plastics
(CFRP), titanium alloys (Ti6Al4V), and their joints known as
CFRP/Ti6Al4V stacks are extensively used in this industry in
order to fulfill this requirement. The conventional joiningmeth-
od is based on riveting technology, which includes a drilling
step for producing the hole where the rivet is introduced.
Although the difference between the mechanical properties
of Ti6Al4V and CFRP is desired for enhancing the strength
and the lifetime of the aircraft components, it also supposes a
big challenge for achieving the high quality of the hole
demanded in the drilling process by the aeronautic sector.
When drilling CFRP material, many different defects can be
produced, such as fiber pullout, fiber break-out, and/or delam-
ination, which may cause the rejection of the pieces. In fact, in
the aeronautical field, the percentage of pieces rejected be-
cause of delamination ascends to 60 % [1]. Furthermore,
CFRP is a highly abrasive material and depending on the fiber
orientation, it can cause a severe tool wear, which is acceler-
ated when using high cutting speeds [2–4]. Different drill
designs and coatings are commonly employed for avoiding
the tool wear [1, 5]. On the other hand, the low thermal con-
ductivity of Ti6Al4V, its strong chemical affinity, and the chip
welding to the cutting edge may lead to a premature tool
failure. Moreover, the burr formation is also a troublesome
in aerospace applications [6].
All the aforementioned problems turn CFRP/Ti6Al4V
stacks drilling operations into a difficult task as far as each
material needs very different cutting conditions. Actually,
many drills and reamers are often used in the drilling process
of one hole to obtain the required surface finish and tolerances.
Moreover, a huge amount of holes are machined on these
components, e.g., more than 250 holes are drilled in a central
wing box. This makes the drilling process very expensive in
terms of costs and productivity. Therefore, any progress or
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improvement of the drilling operation could significantly re-
duce the operation costs.
The study of AWJ technology as an alternative for stack
drilling is worthwhile, since it has a lot of advantages in com-
parison with other techniques, e.g., its high machining versa-
tility and flexibility, its capability to cut a wide range of ma-
terials and thicknesses, the absence of thermal damage, low
tool wear, and low cutting forces. Other nonconventional tech-
nologies such as electrical discharge machining (EDM) and
laser machining (LM) are not an effective solution to drill
Ti6Al4V, due to the remaining large heat-affected zone and
the limited surface quality [7, 8].
The AWJ drilling process consisted on two different steps:
the piercing and the cutting step. First, during the piercing step
(Fig. 1a), the jet impinges over the material in one position
until the jet goes thought the material thickness. After that,
during the cutting step (Fig. 1b), the jet moves over a circular
path cutting the material until a hole with a desired diameter is
obtained.
Despite the small amount of articles studying the drilling
process by AWJ technology [9, 10] and the machining of
hybrid titanium/graphite composite laminates [11], it is possi-
ble to find several references which have done the character-
ization of Ti6Al4V and CFRP materials separately [12–19].
Escobar-Palafox et al. [9] and Hussein Mohammed Ali
Ibraheem et al. [10] developed mathematical models for
predicting the quality of the hole as a function of process
parameters based on statistical analysis. Pahuja et al. [11]
studied the machining of hybrid titanium/graphite composite
laminates by AWJ and found that surface roughness is higher
Fig. 1 AWJ drilling process: a
piercing step; b cutting step
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for small arc tool paths than for large arcs or straight cuts. In
addition, they found different material removal mechanisms
for different material phases and obtained similar conclusions
as Seo et al. [12] and Arola and Ramulu [13, 14]: the titanium
is cut by ductile shearing, abrasive ploughing, and scratching
action; the matrix material is cut by shearing and plastic de-
formation; and the fibers are cut by microchipping, brittle
fracture, and bending failure. Arola and Ramulu also found
deformation and subsurface hardening in the AWJ machining
of Ti6Al4V [15] and found three cutting regions including
initial damage region (IDR), smooth cutting region (SCR),
and rough cutting region (RCR) in both graphite/epoxy com-
posites [13, 14] and Ti6Al4V [15].
Regarding the works studying the titanium and composite
materials separately, Alberdi et al. [16] obtained the machin-
ability of two different CFRPs and discussed the quality of the
cuts in terms of the roughness and taper angle, which are
dependent on the traverse feed rate and the material thickness.
Regarding the taper angle, the results were always below 3.5°.
Ramulu and Arola [17] have also considered how cutting feed
direction with respect to the fiber orientation can affect to the
surface roughness. The results show a difference of approxi-
mately 2 μm between the 90° cutting orientation (2.5 μm) and
the 45° one (4.1 μm). Boud et al. [18] and Hascalik et al. [19]
analyzed the influence of the traverse feed rate and abrasive
type when cutting Ti6Al4V with AWJ technology. Regarding
the abrasive characteristics, the geometry and material of the
abrasive grains affect the material removal rate and the surface
quality [14]. On the other hand, the results of several tests
performed by Hascalik et al. [19] reveal that the traverse feed
rate is a significant factor on the surface morphology, and that
the widths and features of different regions formed in the
cutting surface change according to this parameter. It was also
observed that the kerf taper angle and surface roughness in-
crease with increasing traverse feed rate.
In spite of the many advantages of AWJ technology in
comparison with other technologies, its application to the
AWJ drilling of CFRP/Ti6Al4V stacks has many drawbacks.
The delamination of the CFRP that arises during the piercing
process is one of the most important. This problem is a con-
sequence of the impact from which the material suffers during
the very first instants, when the jet is only consisted of water
and the abrasive particles have not entered the mixing cham-
ber yet [20]. However, there exist commercial solutions that
avoid such type of problem.
This research work aims to study the influence of the AWJ
process parameters on the surface quality (roughness and kerf
profile) of the CFRP/Ti6Al4V stacks in the cutting step of the
AWJ drilling process, in order to evaluate the viability of AWJ
industrial application as a substitute of conventional drilling.
The analyzed process variables are the pressure, the traverse
feed rate, the stack configuration and the combination of abra-
sive mass flow rate, and the orifice and focusing tube diameter
(Fig. 2). In addition, a theoretical review of the physics of
waterjet cutting process is performed, where three different
parameters are obtained for analyzing the results obtained in
the experimental part.
2 Physics of waterjet cutting
The physical understanding of the quality of the AWJ cutting
materials indicates that the cut characteristics such as taper
angle, roughness, and delamination mechanisms are a direct
result of jet kinetic energy rate (dKE/dt), jet-work interaction
time, and ratio of the jet velocity at the workpiece upper sur-
face to the velocity at the piece lower surface [21–25].
Different experimental investigations of liquid jets
penetrating into a quiescent fluid (Fig. 3) pointed out
that the envelope containing the turbulence caused by
the jet adopts a nearly conical shape. The diameter D
of the jet is proportional to the distance x downstream
from the nozzle location. It has also been demonstrated
that the opening angle is near the same, independently
of the nature of the fluid (air or water) and of other
considerations (such as nozzle diameter and jet veloci-
ty). This universal angle is approximately 24°. It fol-
lows that the coefficient of proportionality between the
jet diameter D and the downstream distance x from the
nozzle exit is
D xð Þ ¼ 2x tan 12ð Þ≈2x=5 ð1Þ
Since the initial jet diameter is not zero but nozzle exit
diameter de, the distance x must be counted not from the ori-
fice but from a point of origin called the virtual source at a
distance 5de/2 into the focusing tube (Fig. 3).
Fig. 2 AWJ process parameters
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Many authors reported that the velocity in the jet obeys a
law of similarity [21–25]. All cross sections appear identical,
except for a stretching factor, and the velocity profile across
the jet can be defined by a Gaussian function, as follows:





where x is the downstream distance along the jet from the
virtual source, r is the cross-jet radial distance from its center-
line, Umax(x) is the maximum speed at the centerline, and σ(x)
is the standard deviation related to the Gaussian profile of
velocity. From statistics, it is known that the width of the
distribution that encompasses 95% of the area under the curve
is equal to 4σ leading to
4σ ¼ de or σ ¼ x=10
and





When a jet enters a fluid at rest, the absence of external
accelerating or decelerating forces implies that the momentum
flux in the jet’s cross section remains constant downstream.
The total flux of x-momentum, integrated on r at any position
x, is a constant, independent of x:
Z ∞
0




where Ue and de are, respectively, the average exit velocity
and the nozzle exit diameter. Substituting Eq. 3 into Eq. 4 and
after integration, one can deduce that
Umax ¼ 5dex Ue ð5Þ
The velocity along the centerline of the jet decreases inverse-
ly with the distance from the virtual source. The average veloc-
ity associated to this maximum velocity is defined as follows:





















where ṁa is the abrasive mass flow rate and Ū(x) is the AWJ
average velocity at the upper surface of the CFRP part, assum-
ing that the particle has gained the same velocity as its sur-
rounding water at the point of particle impingement on the
target material.
The AWJ velocity Ūe, after mixing with abrasives, can be
determined using the momentum transfer equation:
Ue ¼ ψ ṁwṁs
 
Uw ð8Þ
where ψ is the momentum transfer efficiency, ṁw is the water
mass flow rate from the orifice, and ṁs is the slurry mass flow
rate including the water mass flow rate and the added abrasive
mass flow rate.










where P0=300 MPa and n=0.1368 at 25 °C.
The waterjet velocity Uw from the orifice may be found by







where P is the water pressure, ρw is the water density, and χ is
the discharge coefficient that accounts the momentum losses
due to wall friction, fluid-flow disturbances, and the com-
pressibility of the water.
According to Chen et al. [26], the discharge coefficient
varies linearly from 0.85 to 0.90 with the water pressure rang-
ing from 90 to 350 MPa.
Fig. 3 Schematic description of a
jet penetrating in a quiescent fluid
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The water density depends also on the pressure as follows:






3 and P0=300 MPa.
Substituting Eqs. 8 and 11 into Eq. 7 and taking into ac-
count that the mass ratio term may be approximated to a con-
















When cutting stacks laminates, the cutting of the lower
laminates depends on the energy loss of the jet when cutting
the upper material. The energy rate necessary to cut the upper
material can be evaluated as follows:
dEcutting
dt
¼σtarget mat: etarget mat :V t :D xð Þ ð14Þ
with σ the cutting specific energy or the flow stress of the
upper laminate material (target material), e the thickness of
this laminate, and D(x) the waterjet diameter at the surface











In order to define the energy rate of the waterjet, it is nec-
essary to determine the value of the Km coefficient. Km is
defined as the mass ratio term:
Km ¼ ṁwṁs ¼
ṁw
ṁw þ ṁa ð16Þ
where ṁw is the mass ratio of water,ṁs is the mass ratio of the
slurry, and ṁa is the mass ratio of abrasive particles.
The water mass ratio can be defined as follows, using
























where ds is the diameter of the sapphire orifice.
The energy loss ratio of the water jet after cutting the upper





Thus, the total kinetic energy rate is proportional to
π1  1−π2ð Þ ¼ Pṁa
5
2 þ Dstand−offde





The values of specific energy of the target or upper mate-
rials used are given in Table 1.
The jet exposure time is then defined as follows:
texposure ¼ dev ð20Þ
where v is the velocity of the nozzle traverse and de the
diameter of the focusing exit nozzle.
During the exposure time, the CFRP material is exposed to
an abrasive power which allows defining an abrasive jet ex-




3 Experimental setup and methodology
The experimentation consisted on performing straight-cuts at
different conditions. The length of each cut was 70 mm. The
material used for experimental tests were two T800/924C
CFRP plates (250×150×11 mm) and two Ti6Al4V plates
(250×150×10 mm).The plates were tied by means of four
bolted unions, and test piece was fastened to the machine with
two jaws as it can be seen in Fig. 4.
Experiments were carried out on a Byjet L2030® machine,
provided with a high-pressure pumpByPump 50APC®, which
can reach a working pressure of 360 MPa.
As a result, the average roughness and the top and bottom
kerf widths were measured. The taper angle was evaluated
using the Eq. 22.




Table 1 Properties of the components of the metal/CFRP stacks
Component Machinability Specific energy
Ti6Al4V 82 1100 MPa
CFRP (T800/924C) 265 340 MPa
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The roughness measurements were performed with a
Mitutoyo SV-2000N2 roughness tester. The average mean
surface roughness (Ra) of all tests was evaluated in a length
of 15 mm using a Gaussian filter and a cutoff length of
2.5 mm. Roughness measurements were taken at 10 % of
the thickness from the bottom edge, since in this region, the
roughness reaches its maximum value (Fig. 5). The top and
bottom kerf widths of the cuts were characterized with a
stereoscopic-trinocular-microscope Motic® SMZ-143 Series
with a range of magnification from 15× to 60×. The observed
image has been captured with a Clemex© L 2.0 camera and
has been analyzed by means of Clemex Captiva 5.0©
software.
The design of experiments was based on a factorial design,
which incorporated four factors: pressure (P), traverse speed
(v), stack configuration, and cutting tool (defined as a combi-
nation of the orifice diameter, ds, focusing tube exit diameter,
de, and abrasive mass flow rate, ṁa). The selected levels for
each factor are stated in Table 2. The selected ratios between
the focusing tube exit diameter and the orifice diameter was
close to 3 as generally suggested by many manufacturers [16].
Moreover, for each tool, an optimum value of abrasive mass
flow rate was selected based on AWJ process models obtained
by the authors [28]. The standoff distance was fixed at 2 mm
and the abrasive used for the experimentation was a Garnet
GMA #80. The combination of all factors and levels resulted
in 56 different conditions.
4 Results and discussion
The effect of the process parameters on the stack cutting was
investigated through an analysis of variance (ANOVA). In
fact, this is a computational technique conducted to learn
about the influence of various design factors on the output.
The results have been discussed in terms of taper angle, kerf
widths (top and bottom), and surface roughness. To evaluate
the effect of each studied factor in each output, the Fisher’s
test (or F test) was performed. The F value for each output
compares the variance associated with that result with the
residual variance. It is the mean square for the term divided
by the mean square of the residual. Thus, large F values indi-
cate that there is a big change on the output due to the variation
of the analyzed factor. The p value indicates the probability to
obtain the observed F value if the null hypothesis is true (there
is no relationship between two measured phenomena), hence
the probability to have an insignificant factor. In this analysis,
factors whose p values resulted inferior to 10 % were consid-
ered significant. Table 3 shows the analysis concerning the
taper angle and the roughness of Ti6Al4Vand CFRPmaterials
and the respective influence of the selected factors. Table 4
points out the Pearson correlation coefficient between the
physical parameters as defined in Sect. 2 and the taper angle
and roughness results. The resulting values of the physical
parametersπ1,π2, and π3 for each experimental test are given
in the Appendix.
4.1 Analysis of the taper angle
According to the ANOVA analysis, the most significant fac-
tors for the taper angle on both materials are the pressure and
the stack configuration (p value<0.0001). In addition, the tra-
verse rate is also a significant factor because varying this pa-
rameter influences the taper angle can keep positive or nega-
tive values. Finally, while the cutting tool is significant for the
taper angle obtained in Ti6Al4V, it is not a significant factor
for the CFRP material. The graphics in Fig. 6 show how the
influence of the pressure and the traverse feed rate on the taper
angle in the two materials.
In Fig. 6, it can be observed that both in Ti6Al4V and
CFRP the taper angle decreases when increasing the pressure
due to the higher energy of the jet. The taper angle also de-
creases in Ti6Al4V when it is located in the upper part of the
Fig. 5 Example of kerf profile and roughness measurements (Ti6Al4V/
CFRP configuration)
Table 2 Process parameters and experimental levels
Process parameters Levels
P (MPa) 250, 360
Stack configuration Ti6Al4V/CFRP, CFRP/Ti6Al4V
ds/de/ṁa (mm-mm-g/min) 0.25/0.76/350 and 0.35/1.02/450
v (mm/min) 5, 20, 35, 50, 65, 80, 95
Fig. 4 Test piece setup and jaws
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stack instead of the bottom part, because the jet also has higher
energy. Nevertheless, the opposite is observed in CFRP mate-
rial, i.e., the taper angle increased when it is located in the
upper part of the stack. The results of the Pearson correlation
coefficients (Table 4) also indicate the same trends. The cor-
relation coefficient between the taper angle and the total ener-
gy parameter (Eq. 19) is negative for the Ti6Al4V, which
means that the taper angle decreases when increasing the total
energy of the jet. For the CFRP material, this correlation co-
efficient is positive. To understand the positive correlation
between the taper angle of CFRP and the total energy of the
jet, the effect of the stack configuration over the top and bot-
tom width should be analyzed, since the taper angle is a result
of the combination of the top and bottom widths as indicated
in Eq. 22. In CFRP, the top and bottom kerf widths are in-
creased when increasing the total energy of the jet in all con-
figurations, as indicated their positive correlation coefficient
(Table 4). In addition, in Fig. 7a, it can be observed that the top
kerf width is higher for the CFRP when it is located on the
upper part of the stack material (CFRP/Ti6Al4V configura-
tion) than when it is located in the bottom part (Ti6Al4V/
CFRP configuration) for the same cutting condition. On the
other hand, Fig. 7b indicates that the bottom kerf width of the
CFRP is not affected by the stack configuration. In addition,
for the Ti6Al4V/CFRP configuration, the bottom kerf width is
always higher than the top kerf width, so a negative taper
angle is always obtained according to Eq. 22. Nevertheless,
for the opposite configuration (CFRP/Ti6Al4V), the bottom
kerf width is not always higher than the top kerf width, so a
positive or negative taper angle can be obtained depending on
the cutting condition. The combination of these results leads
to a higher taper angle for the CFRPmaterial when it is located
in the upper part of the stackmaterial, although the higher total
jet energy.
Regarding the taper angle in Ti6Al4V, it is generally posi-
tive in both configurations. This occurs because the machin-
ability index of the Ti6Al4V alloy is much lower than the
machinability index of the CFRP material [16]. The machin-
ability index is defined as a kinetic response of a workpiece
material subjected to a certain machining operation and con-
dition, which refers to the ease or difficulty with which this
material can be machined [29]. Thus, the Ti6Al4Valloy needs
higher energy to reach the zero taper point, defined as the
traverse feed rate at which the taper angle passes from a neg-
ative value to a positive value for a certain material thickness
and certain cutting conditions. For example, at 360 MPa of
pressure with an orifice and focusing tube diameter of 0.25
and 0.76, respectively, and 350 g/min of abrasive mass flow
rate, the zero-taper point is of 150 mm/min for the CFRP and
of 12 mm/min for the Ti6Al4V.
Finally, the taper angle increases when increases the
traverse feed rate as can be observed in Fig. 6. In
Ti6Al4V, the Pearson correlation coefficient between
the taper angle and the jet exposure parameter π3 is
negative, which means that the taper angle increases
when decreasing the jet exposure, so according to
Eq. 21 when increasing traverse feed rate. In CFRP
material, the correlation between the taper angle and
the parameter π3 is very low. However, this coefficient
is distorted by the effect of the stack configuration and
the pressure, i.e., by the effect of the total energy pa-
rameter. Therefore, the correlation coefficient between
the taper angle in CFRP and the jet exposure parameter
π3 has been calculated for each stack configuration. As
a result, the correlation coefficient descends to −0.8552
for CFRP/Ti6Al4V configuration, while it becomes al-
most zero for the Ti6Al4V/CFRP configuration. Thus,
in the first configuration, the taper angle increases when
Table 4 Pearson correlation





Taper Wtop Wbottom Ra Taper Wtop Wbottom Ra
π1·(1−π2) −0.6861 0.0898 0.5351 −0.5306 0.6739 0.8251 0.5612 −0.8167
π3 −0.7051 0.68103 0.8866 −0.5416 −0.2089 0.5851 0.8500 −0.3302
Table 3 ANOVA analysis of taper angle and roughness
Factor Taper angle Ti Taper angle CFRP Roughness Ti Roughness CFRP
F value p value F value p value F value p value F value p value
P 46.8909 <0.0001 67.4685 <0.0001 8.9994 0.0042 2.71063 0.1058
ds=de=ma 7.9596 0.0068 0.4082 0.5261 1.08880 0.3017 2.6293 0.1111
v 3.5258 0.0661 98.7131 <0.0001 474.1388 <0.0001 299.7120 <0.0001
Config 84.9501 <0.0001 1247.7147 <0.0001 15.6712 0.0002 236.3105 <0.0001
Residual error (sum of squares) 7.88 0.41 0.034 1.052×10−3
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decreasing the jet exposure, but when the CFRP is located in
the bottom part of the stack material, there is no correlation
between the taper angle and the jet exposure. This occurs
because the increasing rate of the top and bottom kerf width
with the jet exposure is the same in the Ti6Al4V/CFRP con-
figuration (Fig. 8a), while the increasing rate of the bottom
kerf width is higher than in the top kerf width in
CFRP/Ti6Al4V configuration (Fig. 8b).
4.2 Analysis of the kerf profile
The combination of the taper angles and the top and bottom
widths of Ti6Al4V and CFRP materials results in a different
kerf profile of the cuts, which depends mainly on the stack
configuration. If Ti6Al4V is placed on top of the CFRP plate,
the profile would acquire an X form, whereas if the contrary
configuration is used, this form would be similar to a barrel
Fig. 7 Top and bottom kerf widths and taper angle in CFRP material for different configurations: a top kerf width; b bottom kerf width
Fig. 6 Variation of taper angle as
a function of pressure and traverse
feed rate using an orifice and
focusing tube diameter of 0.25
and 0.76mm, respectively, and an
abrasive mass flow rate of 350 g/
min: a in Ti6Al4V (CFRP/Ti
configuration); b in Ti6Al4V (Ti/
CFRP configuration); c in CFRP
(CFRP/Ti configuration); d in
CFRP (Ti/CFRP configuration)
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(Fig. 9). This is because the taper angle of the Ti6Al4V is
generally positive in both configurations, while the taper angle
of the CFRP is negative in almost all conditions, as explained
before. Figure 9 shows the evolution of the kerf profiles ac-
cording to the traverse feed rate. Due to the differences obtain-
ed in the taper angle in CFRP and Ti6Al4Vmaterials, the taper
angle compensation using a five-axis machine [21] does not
represent an effective solution for cutting CFRP/Ti6Al4V
stacks, which consisted on tilting the head for compensating
the taper angle for obtaining the zero taper point.
Top and bottom widths are also influenced by the
type of tool, more concretely, by the combination of
the orifice and the focusing tube diameter and the abra-
sive mass flow rate. If the tool combination is 0.25/
0.76/350 instead of 0.35/1.02/450, all widths become
smaller, as far as the diameter of the focusing tube is
smaller in the first case, the diameter of the jet is also
smaller, thus decreasing the widths of the final cuts. In
addition, if the pressure is equal to 360 MPa rather than
250 MPa, the jet gains an important amount of energy
and the force of impact on the material also increases.
This fact enables the jet to machine a higher amount of
material. In fact, the only thing that varies after com-
paring the profile geometries at the same pressure value
Fig. 8 Top and bottom kerf widths in CFRP material as a function of jet exposure parameter π3: a Ti6Al4V/CFRP configuration; b CFRP/Ti6Al4V
configuration
Fig. 9 Evolution of the kerf profiles as a function of traverse feed rate
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but different tool sizes is the magnitude of the widths,
as the lines defining these profiles are almost parallel
(Fig. 10).
Another remarkable result that can be observed in Figs. 9
and 10 is the existing difference between the widths of the cuts
on the different materials at the interface region. This phenom-
enon could be associated to the machinability characteristics
of both materials: as the carbon fiber is an easier-to-cut mate-
rial, the obtained width for this material is greater than the one
for the Ti6Al4Vusing the same conditions. In fact, Ti6Al4V is
a very hard material with a low machinability index. This
width difference mitigates as long as lower values of traverse
feed rate are used.
4.3 Analysis of the average surface roughness
According to the ANOVA analysis, similar conclusions can be
obtained for the CFRP and Ti6Al4V materials. All factors are
significant for the average roughness except the tool combi-
nation, i.e., the combination of the orifice and focusing tube
diameter and abrasive mass flow rate. The most significant
factor for the average roughness is the traverse feed rate,
followed by the stack configuration and the pressure. In
Fig. 11, the influence of these parameters can be observed
for an orifice and focusing tube diameter of 0.25 and 0.76,
respectively, and an abrasive mass flow rate of 350 g/min. The
roughness increases exponentially as the traverse feed rate
increases because the exposure time of the jet is lower, i.e.,
the correlation coefficient between the roughness results and
π3 coefficient is negative (Table 4). Regarding the stack con-
figuration, when the material plate is located in the bottom part
of the stack, the resulting average surface roughness is higher
than when it is located in the upper part, because the energy of
the jet impinging over the material is lower. When Ti6Al4V is
placed over CFRP, Ti6Al4V roughness values range from 2.3
to 7.5 μm, while when it is placed below CFRP, roughness
values for Ti6Al4V become a bit higher and vary from 3 to
10 μm. Regarding the CFRP material, when it is located over
Fig. 10 Influence of pressure and
tool type on the widths at constant
traverse feed rate: a Ti6Al4V/
CFRP configuration; b
CFRP/Ti6Al4V configuration
Fig. 11 Average roughness as a function of traverse feed rate for a orifice
and focusing tube diameter of 0.25 and 0.76, respectively, and an abrasive
mass flow rate of 350 g/min: a for the Ti6Al4V plate; b for the CFRP
plate
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the Ti6Al4V, the traverse feed rate has very little effect and the
roughness values vary only from 4 to 5.5 μm. On the other
hand, when it is located in the bottom part, the roughness
values vary from 4 to 18 μm. Finally, when lower pressure
is used, higher roughness values are obtained due to the lower
energy of the jet. Similar trends have been observed when
using the other tool combination (an orifice and focusing tube
diameter of 0.35 and 1.02, respectively, and an abrasive mass
flow rate of 450 g/min). The correlation coefficients also in-
dicate that there is a negative correlation between the jet total
energy (Eq. 19) and the average roughness (Table 4), which
means that the roughness decreases when increasing the jet
energy.
5 Conclusions and further lines
This work presents, for the first time, an analysis of the taper
angle, the kerf profile and the average roughness for the cut of
Ti6Al4V/CFRP stacks by means of abrasive waterjet technol-
ogy. The combination Ti6Al4Vand CFRP materials present a
difficulty to machine using conventional approaches due to
the dissimilar mechanical characteristics of them. The devel-
opment of new techniques for machining stacks could help the
aeronautic industry to enhance the manufacture and to better
satisfy the increasing demand of this type of stack materials.
An ANOVA allows pointing out the effect of the AWJ
process parameters on taper angle, kerf profile, and surface
roughness, leading to the following conclusions:
– The most significant factors for the taper angle on both
materials are the pressure and the stack configuration,
followed by the traverse feed rate. The taper angle de-
creases when increasing the pressure due to the higher
energy of the jet. The taper angle is lower in Ti6Al4V
when it is located in the upper part of the stack than when
it is located in the bottom part, because the jet also has
higher energy. Nevertheless, the opposite is observed in
CFRP material. This occurs due to the effect of the stack
configuration on the top and bottom kerf widths. Finally,
the taper angle increases when increases the traverse feed
rate except in the CFRP material when it is located in the
bottom part, because the increasing rate of the top and
bottom kerf width with the jet exposure is the same in
the Ti6Al4V/CFRP configuration.
– The taper angle of the Ti6Al4V is generally positive in
both configurations, while the taper angle of the CFRP is
negative because the machinability index of CFRP mate-
rials is much higher than the machinability index of the
Ti6Al4Valloy. This also leads to a difference between the
widths of the cuts on the different materials at the inter-
face region.
– The choice of configuration, Ti6Al4V/CFRP or
CFRP/Ti6Al4V, determines the profile geometry, which
can respectively take the form of an “X” or be similar to a
barrel’s geometry.
– A taper angle compensation using a five-axis ma-
chine does not represent an effective solution in
order to correct the profile’s geometry, as the taper
angle in Ti6Al4V and CFRP is completely different.
The most significant factor for the average rough-
ness is the traverse feed rate, followed by the stack
configuration and the pressure. The roughness in-
creases exponentially as the traverse feed rate in-
creases because the exposure time of the jet is low-
er. When the material plate is located in the bottom
part of the stack, the resulting average surface
roughness is higher than when it is located in the
upper part, because the total energy of the jet im-
pinging over the material is lower. Finally, when
lower pressure is used, higher roughness values
are obtained due to the lower energy of the jet.
– When using CFRP/Ti6Al4V configuration, the average
roughness in two materials in the design space is below
10 μm with a pressure of 250 MPa and below 6.5 μm
with a pressure of 360 MPa. In the opposite configura-
tion, the average roughness of the CFRP can reach
18 μm.
– In order to minimize the taper angle and the rough-
ness, it is recommended to use high-pressure, low
traverse feed rates. In addition, it is recommended
to use the tool combination composed of an orifice
of 0.25 mm, a focusing tube diameter of 0.76 and a
mass flow rate of 350 g/min, in order to save water
and abrasive resources and their associated costs. In
addition, it is recommended to use the Ti6Al4V/
CFRP configuration, since it may avoid the delam-
ination of the CFRP material during piercing step,
which should be analyzed in future works.
As a future line, the optimum parameters for the remaining
piercing step should be also considered for avoiding the de-
lamination on the final hole. In addition, it is recommended to
study the effect of employing circular tool path over the ob-
tained hole quality, and to study different strategies for starting
and finishing the circular path.
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Appendix
Table 5 Values of the process and physical parameters
Test ds/de/ṁa [mm-mm-g/min] Config. [−] v [mm/min] P [MPa] π1 [MPa kg/s] π2Ti [%] π2CFRP [%] π3 [kg]
1 0.25/0.76/350 Ti/CFRP 5 360 0.051 0 0.833 3.192
2 0.25/0.76/350 Ti/CFRP 5 250 0.035 0 1.235 3.192
3 0.25/0.76/350 Ti/CFRP 20 360 0.051 0 3.332 0.798
4 0.25/0.76/350 Ti/CFRP 20 250 0.035 0 4.938 0.798
5 0.25/0.76/350 Ti/CFRP 35 360 0.051 0 5.821 0.456
6 0.25/0.76/350 Ti/CFRP 35 250 0.035 0 8.628 0.456
7 0.25/0.76/350 Ti/CFRP 50 360 0.051 0 8.329 0.3192
8 0.25/0.76/350 Ti/CFRP 50 250 0.035 0 12.346 0.3192
9 0.25/0.76/350 Ti/CFRP 65 360 0.051 0 10.809 0.246
10 0.25/0.76/350 Ti/CFRP 65 250 0.035 0 16.022 0.246
11 0.25/0.76/350 Ti/CFRP 80 360 0.051 0 13.303 0.200
12 0.25/0.76/350 Ti/CFRP 80 250 0.035 0 19.719 0.200
13 0.25/0.76/350 Ti/CFRP 95 360 0.051 0 15.800 0.168
14 0.25/0.76/350 Ti/CFRP 95 250 0.035 0 23.416 0.168
15 0.25/0.76/350 CFRP/Ti 5 360 0.051 0.259 0 3.192
16 0.25/0.76/350 CFRP/Ti 5 250 0.035 0.384 0 3.192
17 0.25/0.76/350 CFRP/Ti 20 360 0.051 1.027 0 0.798
18 0.25/0.76/350 CFRP/Ti 20 250 0.035 1.523 0 0.798
19 0.25/0.76/350 CFRP/Ti 35 360 0.051 1.800 0 0.456
20 0.25/0.76/350 CFRP/Ti 35 250 0.035 2.668 0 0.456
21 0.25/0.76/350 CFRP/Ti 50 360 0.051 2.573 0 0.3192
22 0.25/0.76/350 CFRP/Ti 50 250 0.035 3.813 0 0.3192
23 0.25/0.76/350 CFRP/Ti 65 360 0.051 3.346 0 0.246
24 0.25/0.76/350 CFRP/Ti 65 250 0.035 4.959 0 0.246
25 0.25/0.76/350 CFRP/Ti 80 360 0.051 4.118 0 0.200
26 0.25/0.76/350 CFRP/Ti 80 250 0.035 6.104 0 0.200
27 0.25/0.76/350 CFRP/Ti 95 360 0.051 4.886 0 0.168
28 0.25/0.76/350 CFRP/Ti 95 250 0.035 7.243 0 0.168
29 0.35/1.02/450 Ti/CFRP 5 360 0.091 0 0.629 5.508
30 0.35/1.02/450 Ti/CFRP 5 250 0.063 0 0.911 5.508
31 0.35/1.02/450 Ti/CFRP 20 360 0.091 0 2.510 1.377
32 0.35/1.02/450 Ti/CFRP 20 250 0.063 0 3.634 1.377
33 0.35/1.02/450 Ti/CFRP 35 360 0.091 0 4.394 0.787
34 0.35/1.02/450 Ti/CFRP 35 250 0.063 0 6.362 0.787
35 0.35/1.02/450 Ti/CFRP 50 360 0.091 0 6.275 0.551
36 0.35/1.02/450 Ti/CFRP 50 250 0.063 0 9.085 0.551
37 0.35/1.02/450 Ti/CFRP 65 360 0.091 0 8.160 0.424
38 0.35/1.02/450 Ti/CFRP 65 250 0.063 0 11.813 0.424
39 0.35/1.02/450 Ti/CFRP 80 360 0.091 0 10.041 0.344
40 0.35/1.02/450 Ti/CFRP 80 250 0.063 0 14.536 0.344
41 0.35/1.02/450 Ti/CFRP 95 360 0.091 0 11.925 0.290
42 0.35/1.02/450 Ti/CFRP 95 250 0.063 0 17.264 0.290
43 0.35/1.02/450 CFRP/Ti 5 360 0.091 0.194 0 5.508
44 0.35/1.02/450 CFRP/Ti 5 250 0.063 0.281 0 5.508
45 0.35/1.02/450 CFRP/Ti 20 360 0.091 0.777 0 1.377
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